Knowledge of the species present, their morphology, and their size distribution is required to infer biomass from acoustic surveys of fish. The gas content and specific gravity of the body (with gas removed), r f , was measured for 71 species of mesopelagic fish in the NE Pacific Ocean. Those species that have functional swimbladders when large maintain constant r f with increasing body size. Species without functional swimbladders as adults show decreased r f with increasing body size. The acoustic-backscattering cross-section, s bs , was modelled for all individuals collected from three fish species that differed in the presence of a gas-filled swimbladder. The change in s bs with increasing body size was markedly different between the three. The low body density of those mesopelagic fish without gas-filled swimbladders greatly reduces their s bs . In species of fish that possess a functional swimbladder as juveniles and in which the swimbladder regresses with growth, the s bs first decreases, then increases with increased body size. Knowledge of the ontogenetic changes in swimbladder inflation and body density in mesopelagic fish is critical for the construction of the backscattering models used to interpret acoustic surveys.
Introduction
Mesopelagic fish are ubiquitous in the world's oceans and are the most abundant vertebrates on earth (Mann, 1984) , with an estimated biomass of a billion tonnes (Gjosaeter and Kawaguchi, 1980) . They are a major component of the acoustic deep-scattering layer (Hersey et al., 1962; Mann, 1984) . The sheer numbers of mesopelagic fish make them ecologically important predators and prey, occupying mid-trophic levels (Mann, 1984; Beamish et al., 1999) . Mesopelagic fish inhabit depths between 200 and 1000 m by day, and many migrate vertically to the euphotic zone at night to feed (Gjosaeter and Kawaguchi, 1980) . In mesopelagic fish, diel vertical migration (DVM) is a common behaviour that develops in response to the collocation of food supply and visual predation pressure near the sea surface (Marshall, 1960; Robison, 2003) . Their daily vertical movement is often several hundred metres (Pearcy et al., 1977; Karnella, 1987) , and it is physiologically difficult for any fish to maintain a gas-filled swimbladder over the pressure changes associated with DVM (Marshall, 1960; D'Aoust, 1971; Alexander, 1972) . As the presence and size of a gas inclusion affects the acoustic properties of a fish, the means by which mesopelagic fish maintain buoyancy over their full vertical range are of consequence to fisheries acousticians and acoustic oceanographers.
Acoustic surveys are commonly used to estimate the abundance of fish (Simmonds and MacLennan, 2005) . Estimates so derived are critically dependent on the assumed or measured targetstrength (TS) distribution of the surveyed population or community (Simmonds and MacLennan, 2005) . The TS (dB re 1 m 2 ) is the logarithmic form of the acoustic-backscattering cross-section (s bs, m 2 ), and the two variables are related by the equation TS ¼ 10 log 10 (s bs ) (Simmonds and MacLennan, 2005) . Models of the form TS ¼ m log 10 (L S ) + b are often used to describe the expected backscatter from a fish, where L S is the standard length of a fish, and m and b are species-specific constants (Simmonds and MacLennan, 2005) . The appropriate TS selection is complicated by the diversity of species present, the size distribution of animals, and the orientation of the fish relative to the transducer (Simmonds and MacLennan, 2005) . In particular, the presence or the absence of gas in the swimbladder is important, because the gas inclusion is responsible for some 90 -95% of the s bs of a fish (Foote, 1980) . Partitioning of measured acoustic backscattering within and between the species that constitute the deep scattering layer requires the use of nets to assess the species present and their size distribution for comparison with acoustic data collected simultaneously (McClatchie et al., 2000; Simmonds and MacLennan, 2005) . This remains one of the most common methods of interpreting acoustic data from mixed aggregations such as the deep scattering layer, although the nets used to sample and quantify the targeted assemblage are subject to significant escapement and avoidance biases (Koslow et al., 1997; McClatchie et al., 2000) .
Mesopelagic fish may have an extreme departure from lengthbased TS models because of ontogenetic changes in swimbladder morphology and body density. They reduce visual predation risk through occupation of a low-light environment (Mann, 1984) . The release from visual predation allows them to optimize buoyancy and metabolic costs through the reduction in dense muscle tissue (Childress et al., 1980) . Many fish species accumulate low-density fluids or lipids as they grow, decreasing their overall body density (Butler and Pearcy, 1972) . Other mesopelagic species have negatively buoyant gelatinous tissue (Yancey et al., 1989) . The reduction in body density decreases the density contrast with surrounding seawater and hence decreases the acoustic reflectivity of the fish. Some species that have gas in their swimbladder as juveniles do not possess it as adults, and other species vary individually in the presence of a gas-filled swimbladder (Butler and Pearcy, 1972; Neighbors, 1992; Yasuma et al., 2010) . Some fish may allow the volume of gas to change over the course of DVM in accordance with Boyle's law, whereas others may maintain a constant gas volume (Hersey et al., 1962; Kalish et al., 1986) . Knowledge of variations in body density and gas content within and between species is required before the construction of accurate acoustic models is possible.
As a consequence of the lack of data on the body density of midwater fish, assumptions need to be made to construct acoustic models. The typical body density of an epipelagic fish is 1.076 g ml 21 (Taylor, 1921) . Several investigations of the buoyancy of mesopelagic fish have found body density to be considerably lower than that of epipelagic fish (Capen, 1967; Butler and Pearcy, 1972; Johnson, 1979; Neighbors and Nafpaktitis, 1982; Yasuma et al., 2006) . Unfortunately, just a few species have been subject to such study from the speciose mesopelagic community.
To address some of the issues listed above, this study looked at the specific gravity and swimbladder inflation of some of the species making up the mesopelagic fish communities of two biogeographic provinces in the North Pacific (the California Current and the North Pacific Subtropical Gyre). Three hypotheses were tested: first, that mesopelagic fish have a lower r f than epipelagic fish; second, that fish with functional swimbladders exhibit a constant r f with growth; and third, that the r f of fish species without functional swimbladders decreases with increased size. The implications of these results for the acoustic backscattering from mesopelagic fish were then investigated.
Material and methods
Mesopelagic fish were collected in 2009 and 2010 on three cruises of the RV "New Horizon" and one cruise of the National Oceanic and Atmospheric Administration (NOAA) FSV "Bell Shimada" in the North Pacific (Supplementary Figure S1 ). All four cruises sampled the California Current off southern California, and one cruise sampled the North Pacific Subtropical Gyre. Fish were captured using midwater trawls, bongo nets, manta nets, and dipnets. Midwater trawls were the main collection method, and 31 were made (Supplementary Table S1 , Figure S1 ). The other nets were used in conjunction with them. Fish were separated from zooplankton within an hour of capture. A subset of the fish catch was then set aside in an ice bath for analysis, which took place within 8 h of capture.
Laboratory measurements
The specific gravity (density relative to freshwater, dimensionless) of fish, r f , was measured by immersion in dense fluids after removal of any gas from the swimbladder. Seawater and glycerine solutions were prepared in 0.0025 increments of specific gravity over the range 1.025 -1.090, although most measurements were only made to a precision of 0.005. The specific gravity of each solution was measured periodically with a hydrometer to 0.0005 precision and accuracy, and adjusted when necessary. Variation in specific gravity from dilution or evaporation was never more than +0.001. The fish selected for analysis were immersed in room temperature seawater for at least 5 min to equilibrate the temperatures of the fish and glycerine solutions. Room temperature varied between 17 and 248C over all four cruises. The seawater density change resulting from a 78C room temperature range is ,0.002 g ml 21 (Pilson, 1998) . The effect of temperature on the density of fish tissue is unknown, but was presumed to be similar to that of seawater. Measurements of r f were neither corrected for temperature variation nor converted to density.
The L S of each fish was measured to the nearest millimetre. Fish were dissected in seawater under a dissecting microscope to remove any gas from the swimbladder before measurement of r f . The diameter of gas bubbles released from the body cavity during dissection was measured with the ocular micrometer of the microscope. If the swimbladder was not ruptured, the lengths and widths of visible gas bubbles were measured before puncturing the swimbladder. Gas volume was then calculated using the formula for a prolate spheroid:
, where a and b are the major and the minor axis radii, respectively (Capen, 1967) . In cases where the gas was released too quickly for measurement, it was simply recorded as present. Volume was then transformed to an equivalent spherical radius (ESR). Transparent fish with no visible gas bubble and opaque fish from taxa with no functional swimbladder at the family level (Stomiidae, Bathylagidae, Alepocephalidae, Platytroctidae, and Notosudidae) were not dissected. Fish with visible damage to the body wall that could have resulted from the escape of gas were recorded as ruptured. Once gas was released from the body cavity, the fish were placed progressively in graduated cylinders containing solutions of different specific gravity to find the highest specific gravity of sinking and the lowest specific gravity of floating. These were recorded as the same if the fish was neutrally buoyant in a cylinder. r f was calculated as the mean of the two measurements. Care was taken to exclude all gas bubbles from the interior and exterior of the fish. After r f measurement, each fish was blotted, then frozen in preweighed plastic bags. Ashore, the bags were weighed and the wet weight of the fish determined by subtracting the weight of the empty bag.
Data analysis
All fish species with a sample size, n, of three or more were included in the data analysis. A decrease in r f with increasing L S was tested for each species using Kendall's coefficient of rank correlation (t), with a one-way significance level (p) of 0.05. The parameter t is not reported for species with three individuals, because the test cannot be significant (p ≤ 0.05) at that n. Wet weight (W W ) and r f were then standardized within each species to W ′ W and r ′ f using the following equations to allow grouping of data from species of differing size and specific gravity:
W ′ W is the wet weight standardized to a range 0 -1. W W (min) and W W (max) are, respectively, the wet weights of the smallest and largest fish within a species. The standardized specific gravity r ′ f is simply the difference from the species mean specific gravity ( r f ). Species were assigned to groups based on the presence of gas in the swimbladders of small and large fish. Large fish are defined for this purpose as those with a W ′ W ≥ 0.5, and small fish as those with W ′ W , 0.5. Group I species had at least Specific gravity of mesopelagic fish from the NE Pacific Ocean some small and large individuals with inflated swimbladders. The swimbladders of Group II species contained gas in at least some small fish, but not in large ones. Group III species never had inflated swimbladders. Changes in r f with W ′ W were tested statistically at the group level using Spearman's rank order correlation (r s ). The maximum L S for each species (Table 1) was taken from Scripps Institution of Oceanography (SIO) Marine Vertebrate Collection (MVC) records to assess whether or not the sampled fish were representative of the species size range.
Acoustic modelling
The 38-kHz s bs was estimated for three species of fish (Ceratoscopelus warmingii, Stenobrachius leucopsarus, and Idiacanthus antrostomus from Groups I, II, and III, respectively) for which a large n and broad L S range were obtained. s bs as a function of L S is assumed to vary similarly within each swimbladder inflation group. Fish bodies were modelled acoustically as a fluid-filled cylinder of the same length, volume, and density of the measured fish, following Stanton (1988) . The r f of the fish was used in place of density, because the magnitudes differ by just 0.001 g ml 21 for seawater at the reference temperature of the hydrometer (15.68C; Pilson, 1998) . The gas from the swimbladder, when present, was modelled as a gas sphere of radius ESR suspended in seawater (Anderson, 1950; Medwin and Clay, 1997) . The s bs of the modelled body and gas were added to form the overall s bs . Assumed model parameters included: density of seawater, r w ¼ 1.027 g ml
21
; speed of sound in seawater, c ¼ 1490 m s
; ratio of sound speed in the fish to that in seawater, h ¼ 1.020 (Yasuma et al., 2006) ; angle of scatter 1808 (transmitter and receiver collocated); and tilt-angle 08 (dorsal incidence). The gas inside the swimbladder was assumed to be an ideal gas (air) with a temperature of 10.28C, pressure P ¼ 1.05 atm, ratio of specific heats g ¼ 1.4, and a speed of sound, c, given by
Body density and the sound-speed ratio, h, were varied across reasonable values to determine their effect on modelled s bs . The body density range was taken from the measured r f values in this study, and h was varied between 1.01 and 1.05 (Yasuma et al., 2006) .
Neutral buoyancy
The gas volume required for neutral buoyancy, V G , was calculated for each fish from the species C. warmingii (Group I) and S. leucopsarus (Group II) with the equation
r w was assumed to be 1.027 g ml
21
, and the weight of gas in the swimbladder was assumed to be negligible.
Results

Measurements and group assignments
In all, 71 species from 16 families were represented by three or more individuals (Supplementary Table S2 ). Family Myctophidae was by far the most speciose, being represented here by 28 species. Three epipelagic fish were incidentally captured from two species, Seriola lalandi and Cololabis saira. These fish (r f ¼ 1.078, 1.078, and 1.088; Supplementary Table S3) were not included in the analysis, except in comparison with Group I.
Group assignment, n, L S range, maximum L S , vertical migration behaviour, r f , and t for decreasing r f with increasing L S are summarized in Table 1 for each of the species analysed. Measurements of r f and the gas volume for all fish are listed in Supplementary Table S3 . Fish belonging to each of the three groups were collected from both biogeographic provinces (Supplementary Table S2 ). Biogeographic province may be related to group assignment, although the relationship is not significant (Chi-squared test of contingency table, d.f. ¼ 2, p ¼ 0.07). Diel vertical migrators and non-migrators are found in each of the three groups. DVM is not significantly related to group assignment (Chi-squared test of contingency table, d.f. ¼ 2, p ¼ 0.46). No full-sized specimens were captured from several species, as determined by comparison with the maximum L S of fish in the SIO MVC. These species were allocated to group as described herewith. Species from the Stomiidae, Paralepididae, Alepocephalidae, Notosudidae, Platytroctidae, and Bathylagidae were assigned to Group III, because fish from those families do not have functional swimbladders as adults (Marshall, 1960) . Argyropelecus lychnus was assigned to Group I because of the presence of a gas-filled swimbladder at the family level (Marshall, 1960) . Notoscopelus resplendens, Lampadena urophaos, Electrona risso, Chilara taylori, and Microstoma microstoma were placed in Group I based on literature reports of the presence of gas in the swimbladders of adults (references in Supplementary Table  S4) . Diplospinus multistriatus and Lampanyctus tenuiformis were placed in Group I based on the presence of large, thin-walled swimbladders found in dissected specimens from the SIO MVC. No large Poromitra crassiceps were captured. This species was assigned to Group II based on published data indicating that gas is not used for buoyancy (references in Supplementary Table S4 ).
The specific gravities of species (means of large fish, r f ,l ) from each group were compared. Groups II and III did not have significantly different mean r f ,l (Mann -Whitney rank-sum test, p ¼ 0.094), so were combined for comparison of mean r f ,l to Group I (Table 2) . Group I has significantly higher mean r f ,l (t-test, 69 d.f., p , 0.001) than the combined Groups II and III. Group I has significantly lower mean r f ,l (Mann -Whitney rank-sum test, p ¼ 0.027) than the mean r f ,l of epipelagic fish.
Group I fish do not change in r f with increasing W Group I was the most speciose category (40 species; Table 1) followed by Groups III and II (20 and 11 species, respectively; Table 1 ). Of the 33 species in Group I with n . 3, 30 species exhibited no significant relationship between r f and L S . In Group II, 9 of the 11 species had a significant decline in r f . The results from Group III were less clear, with just five of 18 species (with n . 3) exhibiting a significant decline in r f . However, the declining species included all of those with n . 12, and those species with no significant decline included eight for which no large individuals were captured.
Acoustic modelling
The fluid cylinder model was used to estimate s bs for an elongate dragonfish from Group III, I. antrostomus. The frequency response of s bs was modelled for both the body density of a typical epipelagic fish (1.076 g ml
21
) and the measured r f (1.034 ≈ 1.034 g ml
) for this fish. The 38-kHz s bs of this fish differs by 
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Specific gravity of mesopelagic fish from the NE Pacific Ocean a factor of six between these two densities (Figure 2 ). At this frequency, the backscattering is in the Rayleigh region, because the fish is small compared with the acoustic wavelength, and there are no nearby resonant effects that may influence the result. The s bs (38 kHz) of this fish was modelled for reasonable variation in body density and sound-speed ratio, h (Figure 3 ). Body density varied between 1.028 and 1.088 g ml 21 and is expressed as the ratio, g, to the density of seawater (1.027 g ml
21
). Over this range of g and h, s bs increases by a factor of 84 from the minimum (TS ¼ 261.5 dB re 1 m 2 at low g and h) to the maximum (TS ¼ 242.3 dB re 1 m 2 at high g and h). The 38-kHz s bs was modelled for each individual fish from the representative species C. warmingii, S. leucopsarus, and I. antrostomus (expressed as TS; Figure 4 ). Gas ESR and r f for each of these three species are also shown in Figure 4 . The Group I species, C. warmingii, exhibits increasing total s bs with growth. Total s bs varies by about an order of magnitude between the smallest and largest fish. The contribution of the body to the overall s bs is 0.1% for the smallest fish, increasing to 2.7% for the largest fish. When the x-axis of Figure 4b is logtransformed, the relationship between TS and L S becomes linear. A regression of TS against log 10 (L S ) yields a slope of 24.90 and an intercept of 271.07 (L S in cm, d.f. ¼ 15, p , 0.01, r 2 ¼ 0.61; Figure 4b) . Use of V G (Figure 5) , rather than the observed gas volume for the C. warmingii TS regression, results in a slope and intercept of 22.30 and 268.26, respectively, with an r 2 of 0.97 (d.f. ¼ 17, p , 0.01; Figure 4b ). The Group II species, S. leucopsarus, shows dramatic changes in s bs with growth. s bs is high for small fish with gas in their swimbladder, drops more than two orders of magnitude for medium-sized fish, no gas present, and reapproaches the juvenile value in the longest fish. The Group III species, I. antrostomus, has a steep increase in s bs from small to moderate lengths, and a lower rate of increase from moderate to large lengths. A regression of TS against log 10 (L S ) yields a slope of 50.95 and an intercept of 2133.80 (L S in cm, d.f. ¼ 18, p , 0.01, r 2 ¼ 0.97; Figure 4f ). A 250-mm I. antrostomus has a s bs equivalent to that of a 20-mm myctophid with an inflated swimbladder (S. leucopsarus and C. warmingii in Figure 4 ).
Gas required for neutral buoyancy
V G is 4% of the total body volume for large C. warmingii ( Figure 5 ). For S. leucopsarus, V G starts at 2 -3% of body volume for the smallest fish, then drops below 0.5% for individuals of L S . 40 mm ( Figure 5 ). The longest S. leucopsarus in which gas was present was 37 mm L S . The similarity in V G as a percentage of body volume between small S. leucopsarus and C. warmingii is a result of the similarity of their relative densities. Intermediate values of r f ( 1.050 -1.060) were found in the smallest individuals of most myctophid species.
Discussion
Group comparison: relative densities and swimbladder inflation
The presence or the absence of a functional swimbladder in the mesopelagic fish examined in this study is significantly associated with whether or not the r f is reduced by other means. In general, fish species in which some large individuals possess gas-filled swimbladders (Group I) have constant or increasing r f with growth. Fish species without functional swimbladders in large individuals (Groups II and III) have a reduced r f with growth. The r f values of individual species within Group I are high (Table 1) , reflecting a reliance on gas for buoyancy or lift from swimming. Even so, most Group I fish species have a lower r f than do epipelagic fish. In Melamphaes simus and Diaphus theta, r f decreases significantly with an increasing L S . These species rely less on gas for buoyancy than other Group I species that Maximum L S was taken from sources other than the SIO MVC (Cohen, 1986; Kubota et al., 1991) . f Maximum L S from material examined: Australian Museum AMS I.20315023. maintain a constant r f with increased size. Diaphus theta varies seasonally in lipid content (Neighbors and Nafpaktitis, 1982) , so could benefit from the retention of swimbladder function. Diaphus fulgens also had significantly decreasing r f with increasing L S , but because the overall r f range is 0.007 and six of seven fish were within a L S range of 5 mm, this result may not be representative of this species. Ichthyococcus irregularis, Notolychnus valdiviae, and Triphoturus nigrescens are three other species combining gas with low and apparently decreasing r f with increasing L S . The low n and narrow L S distribution of these species limits the power to detect a significant relationship between r f and L S .
Except Scopelarchus stephensi, no Group II or Group III species has a r f ,l . 1.060. Scopelarchus stephensi would need to be an active swimmer to maintain its place in the water column. Many large individuals of species from Groups II and III have r f values approaching that of seawater. It is possible that r f ,l of some species was overestimated because of a lack of full-sized specimens in the sample. A bias of this nature is conservative and would lead to an overestimation of the slope (less negative) of r
Small numbers of large individuals from some species may have resulted in the improper assignment of the species between Groups I and II. Gas was not found in the swimbladders of all fish of similar L S from many species that use gas for buoyancy. It is possible that gas-filled swimbladders are present in large individuals, but were not detected here. Similarly, the lack of small individuals that may contain gas could have resulted in the incorrect placement of some Group II species into Group III. Only confusion between Groups I and II could have affected the results presented here. The number of individuals from species potentially grouped in error is small compared with the group totals and unlikely to change the results significantly. A low n also affects the power to detect significant relationships. A one-tailed t-test cannot have a significant p-value for n , 4. An n value of 4 requires perfect rank order for significance. Body density is variable, both from measurement error and individual variation. A group of fish of similar size will show random rank ordering, obscuring the overall pattern if there are few or no points outside of the group. This bias chiefly affects the t-tests for individual species (Table 1, see footnote c). At the group level, the bias is conservative for Groups II and III. The obfuscation of a true decline in r f in some species with a low n is unlikely to affect the overall Group I result, given that it is from 460 fish.
The group assignments of L. urophaos (Group I) and Lobianchia gemellarii (Group III) are perhaps in error. The n for these two species was low, with restricted L S ranges, limiting the power to detect trends. These two species differ between Atlantic and Pacific populations. Those in the Atlantic Ocean have gasfilled swimbladders of increasing volume with growth consistent with Group I (Bone, 1973; Brooks, 1976; Saenger, 1989) . Also consistent with Group I, L. gemellarii from the Gulf of Mexico have a low lipid content (Stickney and Torres, 1989) . Fish from these species in the Pacific Ocean have high levels of lipid, low body densities, and non-inflated swimbladders when large, consistent with Group II (Neighbors and Nafpaktitis, 1982; Childress et al., 1990) . Lampadena urophaos has been divided by some authors into Atlantic and Pacific subspecies based on differences in otolith shape and photophores (Wisner, 1976) . The apparent developmental differences in buoyancy regulation between Atlantic and Pacific populations of these two species support taxonomic differentiation, so warrant additional investigation.
All three groups contain species that migrate vertically as well as species that are non-migratory. The presence or the absence of gas in large individuals is not significantly related to whether a species migrates vertically, although fish without inflated swimbladders have an energetic advantage and increased potential vertical range over those using gas for buoyancy (Marshall, 1960; Alexander, 1972) .
The California Current and North Pacific Subtropical Gyre each contained species from all three groups. Group assignment is not significantly related to biogeographic province, although the significance test is marginal. More Group I and fewer Group II and Group III species are found in the North Pacific Subtropical Gyre than in the California Current. The abundant and lipid-rich Group II myctophid species from the California Current were not common in the North Pacific Subtropical Gyre and were not replaced by other lipid-rich species (Supplementary Tables S2 and S4 ). Low lipid levels in subtropical fish have been attributed to reduced food levels (Bailey and Robison, 1986) and reduced variability in food supply (Childress et al., 1990) .
More than 30 studies have been published on the buoyancy of the fish species discussed here. Supplementary Table S4 summarizes past work for comparison. Only inconsistencies and generalities will be discussed, however, given the large number of species and reports. In general, Group I fish have low lipid content, high body density, and increasing gas volume with increasing L S . Group II species have low body density, high lipid content, and increasing lipid content with increasing L S . Group III species have low body density and low lipid content. Three of the Group II species (Scopelogadus mizolepis, P. crassiceps, and Cyclothone atraria) have low lipid content. All these species except C. atraria, for which water content is not reported, have water content .85% WW (Childress and Nygaard, 1973) and use dilute body fluids rather than lipids for buoyancy. Nannobrachium regale from the western Pacific Ocean are high in lipid (Seo et al., 1996; Saito and Murata, 1998) , whereas those from the eastern Pacific have high water content (Butler and Pearcy, 1972; Neighbors and Nafpaktitis, 1982; Bailey and Robison, 1986) .
There are four species from Group I (N. resplendens, Myctophum nitidulum, L. urophaos, and Symbolophorus californiensis) for which reported body-density measurements are much lower than those measured here (Neighbors and Nafpaktitis, 1982) . High lipid levels (Seo et al., 1996; Saito and Murata, 1998) and seasonally high lipid content (Neighbors and Nafpaktitis, 1982) have been reported for S. californiensis, Figure 3 . Contour plot of modelled 38 kHz TS as a function of the ratio of body density to seawater density, g, and the ratio of sound speed in the fish to sound speed in seawater, h, for a 385 mm, 25.89 g dragonfish (I. antrostomus) from Group III: asterisk, measured r f of 1.034 (≈1.034 g ml 21 ) ; open circle, body density 1.076 g ml 21 , typical for an epipelagic fish. ; dashed line, body density 1.076 g ml 21 , typical for an epipelagic fish; 38 kHz is marked with a vertical dotted line.
but paradoxically, the size class with the highest lipid content also had the highest body density (Neighbors and Nafpaktitis, 1982) . Other researchers have found low lipid levels in N. resplendens, M. nitidulum, and S. californiensis (Nevenzel et al., 1969; Brooks, 1976; Neighbors and Nafpaktitis, 1982) , and increasing gas volume with length for M. nitidulum and S. californiensis (Brooks, 1976; Neighbors, 1992) . The measurement here of high and constant r f with increasing L S is consistent with the latter findings.
Presence of gas in the swimbladder
Mesopelagic fish are generally thought to be negatively buoyant (Kanwisher and Ebeling, 1957; Capen, 1967; Bone, 1973; Brooks, 1976; Kalish et al., 1986 , Saenger, 1989 . A dense-bodied marine fish (i.e. r f ¼ 1.076 g ml 21 ) requires a swimbladder volume of 5% of the body volume for neutral buoyancy (Taylor, 1921; Marshall, 1960) . The gas volume of mesopelagic fish has been measured to be in the range 0 -5% of body volume for several species at surface temperature and pressure (Kanwisher and Ebeling, 1957; Capen, 1967; Kleckner and Gibbs, 1972; Kalish et al., 1986; Yasuma et al., 2010) . Gas is present or absent on an individual or diel basis rather than uniformly within a species (Capen, 1967; Butler and Pearcy, 1972; Johnson, 1979; Neighbors, 1992; Yasuma et al., 2010) . The low r f measurements here demonstrate that many mesopelagic fish require gas assumption that swimbladder gas volume is that required for neutral buoyancy, V G , as a dashed line; as a dotted line for modelling by Yasuma et al. (2010) ; and as a dashed-dotted line for the cylinder model using gas-volume measurements from Yasuma et al. (2010) . Specific gravity of mesopelagic fish from the NE Pacific Ocean volumes ,5% of their body volume to be close to neutral buoyancy ( Figure 5 ). This is especially true for species in Group II. The largest individual S. leucopsarus for which gas was present (37 mm) corresponded closely with the L S at which the V G drops to 0.5% of body volume.
Volume measurements of swimbladder gas here were variable, with many more than the requirement for neutral buoyancy (Supplementary Table S3 ). Gas was present or absent in individuals of similar size from the same species. There are several inherent problems with measurements of the volume of gas in the swimbladder of mesopelagic fish at surface temperature and pressure that make accurate quantification difficult. Elasticity of the swimbladder wall adds uncertainty to gas-volume calculations based on swimbladder dimensions. Except for fish collected at the surface, there is uncertainty about the depth of capture. The measured gas volume is subject to a pressure uncertainty of at least 15 atmospheres for midwater trawls and bongo nets as deployed here, plus uncertainty from temperature changes. Gas may be lost during capture, missed during processing, or compressed in life beyond the ambient pressure. Differences between capture methods in the fraction of fish with inflated swimbladders indicate either gas loss during capture or depth-related inflation (Neighbors, 1992) . A fish that remains alive in the net for a period may actively remove gas from its swimbladder as the trawl ascends. Removal of swimbladder gas by an ascending fish is rapid compared with the addition of gas, and it can keep pace with the ascent rate of vertical migration (Marshall, 1960; D'Aoust, 1971) . The time-frame of a vertical migration, 1 h, is comparable with the fishing time of a trawl. The absence of measured gas therefore does not mean that gas was not present at the time of capture, even when the fish appears to be undamaged. Given the biases described above with quantitative measurement of gas volume at the surface, it is difficult to know the true degree of swimbladder inflation from these data, except that it is likely to be less than V G . An assumption of neutral buoyancy is supported by observations of motionless fish from submersibles (Backus et al., 1968; Barham, 1971 ) and moored echosounders (Kaartvedt et al., 2009) . Torpid, non-sinking fish must be close to neutral buoyancy. The buoyancy of fish swimming actively is unclear from visual observations, but there are large energetic advantages to neutral buoyancy. A fish of r f ¼ 1.077 swimming one body length per second expends 167% more energy if its swimbladder is not inflated (Alexander, 1966) . The question of whether or not individuals of a species vary in their use of gas for buoyancy remains unresolved here. The final solution of the problem will require in situ measurements of swimbladder gas volume.
Acoustic model
The simple acoustic models used here are intended to illustrate the relative change in body s bs through variation in r f . The effects of two of the simplifying assumptions for the swimbladder model are quantified here. The swimbladder of mesopelagic fish is spheroidal rather than spherical (Marshall, 1960; Yasuma et al., 2010) . The TS of a prolate spheroid and a sphere are similar when the aspect ratio of the spheroid is ,3, as is true for mesopelagic fish (Feuillade and Werby, 1994; Barr and Coombs, 2005 ). The sphere model was compared with a gas-filled prolate spheroid model (Ye, 1997 ; ESR ¼ 2.4 mm, aspect ratio 3:1, broadside incidence, other parameters as described in "Material and methods" section) and s bs of the sphere was 37% less than that of the spheroid in the geometric region. A second simplifying assumption was made to model the swimbladder gas as a free bubble in seawater. Backscattering from the swimbladder occurs at the density interface between the gas and the surrounding medium. Increasing the density of the medium from 1.027 g ml -1 to a typical density of fish flesh (1.050 g ml 21 ) decreases s bs by ,0.01%. Bias derived from the spherical shape and free-bubble assumptions for the swimbladder model is therefore judged to be minimal to exploring the relative change in s bs brought about by the variation in r f .
A direct comparison can be made between the model used here, measurements, and other models. Yasuma et al. (2006) (Figure 4b) . The difference between that equation and the one reported here is predominantly a consequence of lower measurements of gas volume by Yasuma et al. (2010) . When gas volume from Yasuma et al. (2010) is used with the spherical model here, the TS is almost identical between the two models ( Figure 4b) .
The tilt-angle of a mesopelagic fish relative to the acoustic beam is important for modelling the s bs of the body accurately, but less important for the gas inclusion (Yasuma et al., 2010) . This important parameter is not addressed here, because dorsal incidence was assumed.
The sound-speed ratio, h, can also have a large impact on backscattering, and it varies with temperature (Yasuma et al., 2006) . It seems likely that body density, ambient pressure, and h are not independent, analogous to the behaviour of sound in seawater, but these effects were not measured by Yasuma et al. (2006) . The value of h used here (1.020 for c ¼ 1490 m s
21
; Yasuma et al., 2006) is smaller than the value of 1.050 typically assumed for dense-bodied epipelagic fish (Clay, 1991) . Varying h across a reasonable range from 1.010 to 1.050 (Yasuma et al., 2006) in the acoustic-backscattering model for a 385 mm I. antrostomus (Figure 3 ) changes the 38-kHz s bs by a factor of 10. This parameter needs to be quantified better in future work.
Acoustic implications
Comparison of s bs from the three fish species in Figure 4 indicates that the s bs values of 20 mm C. warmingii and S. leucopsarus are similar to that of a 250 mm I. antrostomus. Small S. leucopsarus have a s bs 10× that of large individuals of the same species. Stenobrachius leucopsarus adults do not use gas for buoyancy, and large fish of this species are almost neutrally buoyant (Figures 4  and 5) . The s bs of C. warmingii increases with growth because of increased gas volume. For small fish from Groups I and II, the acoustic backscatter from the swimbladder is a much greater proportion of the total than 90%. In myctophids of L S , 40 mm, the swimbladder contribution to s bs is 2 -4 orders of magnitude greater than that of the body.
The disparity in s bs between large and small fish of Group II, in combination with larger numbers of small fish, will serve to obscure a direct relationship between acoustic backscattering and biomass. Four of the Group II myctophid species (S. leucopsarus, T. mexicanus, N. ritteri, and C. townsendi) are among the most abundant mesopelagic fish in the California Current. Juvenile fish often greatly outnumber adults, although they may not make up most of the biomass. Trawling is essential to establish the species present and their size distribution for the interpretation of acoustic surveys.
The TS for species from Groups I and III can be expressed in the form TS ¼ m log 10 (L S ) + b (here, L S is in cm). The TS of Group II fish cannot be represented in equations of this form because of the non-allometric growth of the swimbladder, the major reflector of acoustic energy. The slope and the intercept of the TS equation for I. antrostomus (Group III) are dramatically different from those of C. warmingii (Group I), reflecting the absence of a swimbladder, elongate shape, and decrease in r f with increased L S of that species.
Estimates for the body density of fish species that do not contain gas are critical for modelling the s bs of these fish, and hence for acoustic surveys of their abundance and distribution. A change in body density from a typical value for an epipelagic fish to the measured r f of I. antrostomus reduced the s bs sixfold (Figure 2 ). For those species with functional swimbladders, V G is affected by body density. Overestimates of body density will result in biased calculations of s bs for both the body and gas inclusion of these fish.
Conclusions
Body density decreases with size in mesopelagic fish species in which large individuals do not have a functional swimbladder. Species with some large individuals having inflated swimbladders do not decrease in body density with increased weight. Mesopelagic fish in general have lower body density than fish living in shallower water.
The s bs of a fish is dominated by gas in the swimbladder, if present. The volume of gas in the swimbladder of a mesopelagic fish cannot be measured accurately at the surface as a result of the inherent unknown quantities of capture depth and loss of gas. For accuracy, calculation of the maximum volume of gas in the swimbladder, V G , requires knowledge of body density.
Information on ontogenetic changes in swimbladder inflation and the body density of fish is critical for the construction of the TS models used to interpret acoustic surveys. Knowledge of the fish species present, their relative abundance, their developmental morphology, and their size distribution is required for accurate acoustic surveys of mesopelagic fish. The measurements presented here of r f and swimbladder inflation for 71 species of mesopelagic fish from the Northeast Pacific can be used to improve the accuracy of the backscattering models used to interpret acoustic surveys conducted there. However, those models will also require assumptions or new data regarding tilt-angle and swimbladder volume. Juveniles and adults from Group II species may need to be treated separately because of their disjunct TS distributions.
Supplementary material
Supplementary data covering individual trawls, species sampled by cruise, a detailed comparison with previously published work, and measurements for individual fish are available in several tables and a Figure in the ICESJMS online version of this manuscript.
